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l’wformancc (HIa Iwtfr I is[ ics of tiII Acrospacc Nickd  ]Iydrogcn
Cell- lhl~ctitlkrii[iil  l)ata and ‘J’hco]c tical l’rcdictions

AIIS1’RA(:I’

lbipcrimcntal  data have bccll l:riIcIaIMl  011 an
Ih@c-Pichcr  50 A h , ]}JV ]JI-] I, LI:lI ll(,dcr
various cxpcrinmtal Cj.~llditl[llls ‘J’11(’sc
conditions inchrdcd discharp,cw  arid L II:ltp,c..  at
different currents and tcmpcrfihuts,  ill {)ldt t to
dctcrminc  the CJTCC(  of thwc 011 t It: t I IZ [ IT,( :t ud
discharge c~cicncics  of tllc NI } 1;, Su; lI a
database, hither to not availahlc  ill III(  lil(rw IIIC,
shou ld  p rov ide  cmsidcrablc  su}Il~}I i 10 ttlc
modeling cfforl i n tc.rois of 1:1( ’lllif\illp,
appropriate values for the nmdcl IUIIaIII.4<  IS ‘1 lW
charge behavior  points  10 aII }I~lciOI  il)g
possibility of cxalnining (IIC ll~lll~il)]c  ]III:iSC. of
the positive clcclrodc  ac[ivc lIIa[{J  WI ‘J II(W.3
sludics  have been aufymntcd  ly tll:  s~iII~IlaI  I:)(IS
flom oul mathematical model,

1.0 lntrortuction

PIcdic(icm  of batbxy  pcl foIJtut  IIcx tlut).q?,h
simulated tests using apprqwia[c  llli}llt([t]~t  Ical
models would prcwidc  uscfIil fylidd~ II(”. f, )1 a
proper lnanagcmcnt of a pOWC~  SU}M! !;(( II t ,,, i, a
spacccratl JPI, has been illvoltrii  f(l[ the IWI
fcw years in the dcvclopnwt[  c)f IIItiI  lIIIIIa!  ical
models for acrospacc  scaled ]~ick(:l-ca(l  r[l)lioi  and
nickel-hydrogen rcchargcab]c c(I lsl ‘1’h, c.?{licl
versions have been built rilmll(i III:  (p:lws
chx[rodc) CCII models dcvc]ojd al ‘1 c + a’, A A M
lJnivcrsity2, u t i l i z ing  tlic  II IaCI(d  IO IO{:CII  ous

approach of Newman, 3 Vfilloll., ay Lx-l s
addl-csscd  in the cdl Inodcl ilwlljd{..  : I ) iIIaII  I ial
balance for tllc diss!)!)(d sJ>, ,.ics
gcllcratcdlwl~sull~cd  b y  tl~c CICLI I w tic{  I i<~l
rcac(ion  and transported by (Ii[ll]<iotl a~ld
migration, 2) variations in {lIC C1C4 I {o IC lnr~~sily
duc to diffcrcnccs  in the nlo]ar  WI(I I III- of tlw
reactants and products, 3) clI:I}~j:~ < III tlIc.
clcctrcrclmlical  potential in IIIC soli(i  I,li IW I II ill
the Clcc(tolytc, 4 )  cllal[y  l];tlr.(( kit) [ i t s

through a modified lhr(lcr-\~olTllc[  rail, c,.!t]  )1 1o11,

5) plillciplc$  of cOlscJvation  of charge in the
CICCtJ(rC~lCllliW] ,ccl 1 and 6) effects of
itltclcalatiotl  ald slo}]  diffusion of protons into
tllc  psitiw clcdrodc. The rcxxnt models
dcvclopcd ii) cmjunc(ion  with the Univ. South
(2iJoli  0:3 arc basc41  on the assumption of a
lIon]c}fxicOus Jcactioll  rate (as in a planar
clccllodc),  w]lich  is justified by a relatively
itlsi[;liiftcan(  cflcct  of tllc  mass transfer proccsscs
it) tllc ctcdrolytc  p h a s e . Some of the
i Inprowlw.nts nladc at JPI, in translating the
basic  wII model  iJito a uwful battery cnginccring
loo] iJLcludc  1 ) a translator routine, i.e., a design
loutinC Cw[laining, the clcctmdckcll
ll~anuracturcr’s dcsifyl details to permit
simulation of any CCII 2) a charge definition
routine coniai ning operational data Jilts which
allow the ir~~J)lcJliclltatior~  of any discharge and/or
charge plotowl,  and 3) allowance for multi-cell
configurations ili the model in order to predict
t}lc t]lcl Illal altd C]cctrical characteristics of a Ni-
} 12 batlcry4  l:UT lhcrmorc, the rrxcnt mcrdcl takes
into account  tlw cxis[cnm of two phases of
positive active matcl  ial, i.e., [1 and y forms of
Ni(K)ll and tlic corrcspcmdirrg  reduced forms, ~
and cx-Ni(Ol 1)2, for a nlorc accurate prediction of
the discharp,c  and charge behavior.s The model
thus permits dischargc~chargc  of any given cell
under any spwificd test conditions, such as at
constanl  curlurl[, cons[ant  vo]tagc  or constant
power, with limits of either tirnc,  vohagc/current
or tcIllpclatulu.

in order to WJirJ’ the capability of the above
batlcry  IImdcl [o prcdicl the performance under
various tcs[ conditions,  such as at different
charge and discharge currents and at
tcn~Jxraturcs,  cxpcrinlcntal  s[udics  have been
made. orl an IPV SO Ah Ni-112 cdl. Here, wc
Jmcs.ent sonic of tllc  cxpcrimcJltaJ  data with the
1 I’\’ 50 All wII under various test conditions
ou(li J)cxl bcl(w’. Also, the CCJ1  behavior is
Jmxtictcd  uJldcr  similar conditions using the



above nlathcmatical  model for a L{~IIII)  r~ .!~II willl
the cxpcrinwn{al  da(a.

2.0: Cell Design Details

‘]’hc Ni-111 cell for tllc  cxpctill)cll{:tl  :. wlic; \\ ’as
supplied by I\aglc Pichcr ]nc , .lold It I, Iiliss  wri.
‘1’hc ccl] was built on ‘rabbit M(, tll ~i( (1 ‘ d( .JIVI
aid  contains 40 positive (Ni(XJIl) al!:i IIq:litfc.
(hydrogcll)  clcclrodcs. ‘1’11[:  riltil:l  cl.zllfkics

were made with sintcrcd  (flojll  slut  I} ) IQJ l)]%  !IICS

into which the ac[ivc ma[crial  ~~;i. itll.<,rlx~ .Ilcd
by aqrrcwus  clcclrochcnlical  11111 )1(1:11 :{11.111 III(~:L:ss
10 total thickness of 0.03”. “1 )Ic IIydll!p,ctl

clrxirodcs  arc s[andard  fli@lt.t!’~x  { luci Io.xt:  I}r[ic
gas-diffusion mcrnbrarrc cl(LIIwics f~f (1.’ ~(15°
nominal thickness. ‘1’hc. scp:l]ato[  I su{ll~:~~d
77ircar ill two layers. ‘1’hc.  mll is s[i{k, d III t,tLk-
to-back arrangement. The p,as S(J c~il;  :1 TC J iolI-
WOVCII  ]x@ropy]cnc  of (J.024” l]lit.’k  1 K’ .,~. l’flc
cdl is  equipped with a SII,IIII [:AIII:C [or
monitoring lhc changes ill i]ll(t  [l:{)  ])rc+ltc.
After normal activation, Co]idl(i(jlli]if aIId  t.’l”l’

(Acmptancc  I’cst  Procxxtur-c) ICSOII{: II(C cull v,as
in sloragc  for about two yca]>l, ltijorc  L k. III( .!II1

tests at lf’1,.

3.0: Tcs( Protocol

Onc of the objcc(ivcs  of the pImCIII c~~wt tnu dal
shldy is to gcncratc data trasc on (III. }>.rf~uIII  lIic~
of Ni-}lz  cdl under various 1{.s(  cx)ll(litlol< f., Ir a
c o m p a r i s o n  with t}lc sirnulafio]l~  aIId  thII\ a
validation of the model, Such cial I 211 not
available in the literature. ](OJ c.laIltI~~c, I i s
essential tO scpara(c  the cll;trgc  ii II(I c1 I s(:)I i I y,c

cflicicncics  al various rates al)d  II: II IIKI  ali)rc$  If
the charges and discharges alc cal I Jcd WII a! the
.samc tcmpcraturcs,  a s  h a s  MI] ilo;ic II, tllc
li(craturc,  it is hard to scjmlii[c  tllc iilt(li~  iCII I(S

sct(ing  in during charge ffol!l [IKw. w ,..u I I ill~ in
the subscqucn(  discharge. “1 ‘II( I us! }~~ 0[ i Km]
chosen for this  s(udy thcrcfor< (OIISIII  u! “s cl] ]1 I:CS
at various tcmpcraturcs  ald rirtcs f(ll lowed by
discharges under slandard co~di(i(}ll~ i(’~,) al 10
‘T) a n d  d i s c h a r g e s  at wriou~ ~ d~s ~lud
tcrnpcralurc.s after char ~cs Ilrld(’1 s[;jl[i{rd
conditions (CYIO @)10 “C).

4.0: Pclformamc  characteristics :
Expcrir])cntal  vs. Simulation,  s

4.1 l}isrhar  gc lkhavior
l;ig,. 1 illustrafcs  tl]c tyJ]ical discharge trchavior  of
Ihc SO Ah Ni-1]1 cdl al 2 h ((X!)  rate, at 10 ‘~.
‘1 ‘hc ccl I voltage dlops rather sha@y in the initial
s(a~c of discharge arid levels off later on, around
1.?5 V, I“lic  cdl pressure falls linearly during
the discharge ftoltl  an inilial  value of- 750 psi to
iib(lllt  75 psi.

“1’hc  sillmlatcd  discharge behavior under these
conditions is shm!rl~  by the dashed line in Fig, 1.
As IIlay bc seen frolll  the tigurc, there is an
cxcdlcIIt afy ccrncnt bdwccn the mcmurcd and
]Ircdictcd  discharge ~otcntials. In order to
achicw as fwxf all accuracy in the prcdiclions,  it
is ~cqrrircd to i]mrpcmtc a mul(i-phase reaction
]tmharlism  fol the jmsi[ivc clcclrodc.  11 is well
Lnown that ]Iickcl oxyhydroxidc  exists in two
ldla,scs, i.e., [\-NiOoI I and y-NiOOIi. T h e
forjllcr is the cmwcntional,  more stable form,
whereas the lat(cr  forms essentially during
OVCI c1 M rgc. ‘1 ‘IIC :cvc.rsiblc  potentials of these
~dlaw, arc al~n]t  60 mV apart,6”7  which rcsul[s  in
sloping discha rgc curves in the initial stages. For
the above sinmlations,  the proportion of the y-
j,hasc is .- 90% and the rdrc(ion  kinetics of the
y-Ni(K)ll arc nlarfiinal]y  slow (1.0 X 10-d as
con)pard  to ?.0 x 1()-4 A/cn12 for the P-NiOOIl)
but Lhc diffusioIlal  kinclics and the ohmic cflkcts
arc idcn(ical  foI both the phases.

4.2 Chfirge Charactcrislics
‘1’hc typical charge behavior of the Ni-Hz cell is

illustrated it I F’ig. ?. Once a~ain, the pressure
il)cIc.ascs lineally in the rxrursc of charge and
ICVCIS ON al the cmd of charge, i.c,, during oxygen
cvolul im and rcmmbination,  as evident from the
ioltagc profile ‘1’llc  sinm]atcd  charge behavior is
SIICNW)  by tlm daslmd  line in Iiig.  2. Once again,
tllcrc is a good agrccmcnt bctwccn  the prcdictcd
and the obscl  vcd charge voltages, especially in
the i[kitial  pwiicms  of charge, which was found to
bc diflicult  to obtai ii with single phase of niCkCl
oxyhydroxidc  couple. In the latter slagcs  of
charge, i c., r.iurinr,  ovclchargc,  however, there is
SOIUC divcr~cllc<  in the prcdictcd  and observed
Voltrigcs. ‘1’his  is attribukxt  to the fact that the
sinmlat  io]ls were car[ icd out under isothermal
wldiliori$.  Sili(c  the ]oll-over in the CCII voltage
is ]clatcd tt~ tlm cxo[llcrlnicity  of the oxygen
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ct’o]\ltioItirKollJbillatioll  ptowss, 11 (,[1 (h.’

al)proprlatcly modeled by II Ic.o Ipo Iiit II If I, ;i s, II( ii !k
(IKHI1131 IImdcl a s  dcvclopcd  (arlicl  (O I NI-[ (1 4

‘l”hc  dcvclopmcn(  of similar mock] ior {Ii:  l]tcs  rll
Ni-112 cell is underway.

4.3 Discharge at Different RHICS
‘1’lw cJischargc  behavior of !llc 14) I I, cc’11 ;I a

function of dischar~c rate, at 10” (’ l’olltIIi :IJ;

cllargcs  under similar Conditim)s,  i (. ,, (’, 1( I f(,) 16

h at 10 ‘C, is shown in Fifi,3A, ‘1 h( di..ll-+~:c
curves show little change Upon Clliillj\illj: {lIc :.IIC
from 5 A (V1O) to 25 A ((’/2). ‘1 III c III:{  ily
drops by .-4  O/o fron~ the lowcsi to tlIL lII,iI,}Ic\(  LIIC

shldics.  Such curves were gclwl;+tcd b.l(ti 1(J “(’
and 20 ‘C. lntcrcstingly,  the cfi~):l:-~tj  i: la] I Icr
IOW at low drains (C/10 or 5 A) iII IIIC Li!IcI [ t<c
(Fig. 311),  which is attributed to IIU self d if.. 1!; 1 ~’c
occurring at comparable mtc. lit S::JM ~a!~ tt ..i~,
the cdl was found to 10SC about  15 ? O,ICI 10
days at 10 ‘C compared to - ?8 % ]!) (I 5 day  ;It
?0 “c.

I’hc simulated discharge cufws fils{, Illdl iIc

similar effect on the discharge cur I tuil ‘1 Ilc  (ills

significant diffcrcncc is that Ihc C.HII:N  it> 10SL. ;~t
low rates is not as prcmlincill  al iii (}tc
cxpcrimcntal  d a t a  (Fig. 3}1).  ‘lhis I< (I u: I(I  tlIc

fact that the present model does I ‘t [al.c  I IIm

aWOU1lt  the sclfdischargc  of tlw CCII, (h (W rr Ii Ifi
in background, which is bcinp, inqkill( II[\ II(IIV

4.4 Discharge at Different “J’cn~pcI  dltrc~
The cffccl  of lhc discharge lcny:’I;IIIIIc  011 IIIC

discharge behavior of the N]-]:2  i< ill~wi~~t{:l  in
Iiigs.  4. ‘J’hc  charges prcc~dii  1[: tllcw  ~liwll ] t y,c.s
were carried out under idcnlica}  c-t~[dil  ic~lls,  ) c.,
at (Y1O for 16 hours at 10 ‘C, arid [he div.h +Iy,cs
at C/5 at the Sclcctti  tcmpcraturc, “1’tlt  si III(II ted
(tischargc  curves at various tcnl~wr.+tutcs  arc
shown in Fig. 411. These sirtmltitio~ll  M t r[ WI ~ icd
out by using an appropriate scl c)f viii 1 (c: fb) the
tcmpcraturc  cocfflcicnts  or V;+ I 10 vi ]11 Klcl
J~aranlclcts,  s u c h  a s  cxcluIIIIoc<  L ~lrl. !It$,
clcdrolytc  and ckctmdc  cold(lciii  i[]( < ;+tld
diffusion cdllcicnts,  as don( CWI  lim f.)] Ni-! ‘d~.
As may bc seen from Figs 4A & I I (II:IC  i< a
fairly good agrccmcnt bc[wccII tllc PI( ,Ji ~ol a[[d
o b s e r v e d  d i s c h a r g e  bclla\io]  :tI dIfli I. id
tcnlJwraturcs.  The simulated (Iist:}i;{l[,  ( {11): i[y,

is, however, Iowcr than the Cxlwl  iil)l:iilrl \ iil(l  5

4.S (Ylal~,c at I)iffcrcnt  Rates
lrl ol(jcr to cxat[lillc  the charge cflicicncy  of the
N]-] IZ ccl I at varicms  charge rates, charging of the
CCII has bCCII  car[icd out at  different  rates,
followed by discllar~cs  under similar conditions,
i c., at (Y2 at 10 Y. Fig.5 shows the charge
cwvcs al varic)lls Ia[cs, i,c., at 020, 010,  C/5,
( ‘/2 arid (’. At tlic  }Iighcsl  rate studied (C rate),
tllc cell V:IS!I’I cmmplc.tcly  charged duc to the
illlposcd  Iilllits  cm tllc charge voltage and cdl
l); cssurc. IIitclcstingly,  in the corresponding
(Iiscllargc cur~cs, tllc  sloping porlion  is not as
J,lonlincnt,  ‘1’llc  simulated charge curves as a
f(lrlctio:l  c) fratcarc  sllo}vn irl Fi~,.SIJ. I’hcchargc
clllcicllcy  ILas been calculated based on the
{apacitics  intllcsubscqucntdi  schargcs(Fig.  SC).
11 may bc sccll flonl  Fig. SC that the c}larging
l)IWSS is I)KMC  cllicicl)t  at high rates., which
rl~ay bc at[rilwted  to the improved current
cfficicrq  for the. charging of the Ni(OH)z
clcctlocfcat  hi~, h rates.

4.6. Cha w at l)iffcrmt  Tcmpcraturcs
‘J’hc cffwicncy  ill c})arging  of the Ni-H2 cell al
\ariollstcll)Jz[at(lrcs  has bccn dctcrmincd ftoma
series of chai gcs at various sclcctcd  tcmpcrat  urcs,
and fro]ll  subscqucIIt  cfischargcs  under similar
cmrditions,  i.e.,, at C~2at 10°C. Fig. 6 showsthc
char gc curvcx at various temperatures, i.e., at -20,
-10, 0, 10, 20 slid  35 ‘C, Asmaybc sccn from
the fiF,urc, the charge voltage incrcascs with a
dcacasc  in tllc. tcmpcraturc.  Intcrcslingly,  t h e
1011-ovc]  bc.wnlcs  nlorc p rominen t  a t  l ow
tcmpcraturcs, which lnay bc related to the
cxothcrmicity  of oxygen cvohrtioti  recombination
prc-xxsscs. l;l]r[llcrll]orc,  tl]creis  adistirlctmrld
l)latcau  illthccllargc  voltagcbcfor  cthcroll-wcr
(l(ict(~oxy~,cti  c~’olutioll,  This may bcascribcdto
(IIC clccl!oclmllical  rxmvcrsion of (LNi(O]I)2 to y-
Ni(O} J),,. (hm again, using appropriate
tcmpcraturc wcfiicicnts f o r  t h e  tcmpcraturc
mcflicic]]ts  for tllc kirlctics  proccsscs,  such as
cxchan~,c  curlc]lt  dcl~sitics,  clcctrolytc/clcctrodc
]csistivi[ics  iilld difl”usion  coctlicicnts,  wc arc able
to sin]ulatc  Illis  behavior in a Ni-112 cell (Fig.
011). ‘I’llccfll(-icllcy  ilitllc cllargi[lg  oftl~c Ni-112
CCII  is calculatr~i  from the subsequent discharges
(l’i~ 6(’), II isci’idcrt~ from thcfigurc that the
cllar~,irl~, J)lwCSS bccolnc’s cfflcicnt a t
tcnycrdulc; b e l o w 10 ‘c. At higher



tcm]x.ratures,  the c~lcicflc}’ flrt)[,$ 1 alllcr <Imrldy,
duc 10 t h e  parasi[ic (J~\fjI,tiI  [v ,!  II  IIOII  a l  (lIc

Ni(oll)2  clcclrodc.

5.0 Conclusions
Useful databaw 011 (}1{ I~:i [ i IIlawc
charac[cris[ics  ofa Ni-llzwll ll,r~.t~~lt  /:cllclatcd,
usin[~a 50 At{ lPVccll  of I ay,li.-~’i 1111, II . . ~’hc

Icsul(s imiicatc  t h e (l~)iirlllllll 1:111,  (“s or
discllar$clclu  +r[:e currul[f  ;IIJ(I ([ II; F: I,i[I (.s and

prcrvidc a  su[)poI[ (o (lIC  ollf:~li[lf:  111+1}1 I;{[ical

nmdcling ac[ivi[y in ICJIII. :,f c’,tbxilt~
appropriate  values  for IIIC IIIwl(~ 11.iIi II,ctcis,
l<cx.smlably ~rx)d a~rccl[lrll[  Ill< I,xil (’1:.cIvcd

Mwcxx t h e  Cxpcrimmi(al  (i%tfi [id sill .llatiol~
frorllt}lc nla(llclllatiml  lli(x:lt:lf[)f  N,.ll,,  c<ll ‘I”IIc

cllarf.i[l~ klla~’ior allc~~v  t[.]l)l>:ftil~lt:s  Icw;41stl Ic

p o s s i b i l i t y  o f  clcctrochcllli[al  fx,[l,c]siol,  of f3-
NiW)Ilirl(o  tllcmrrcsJx}rltii  11~, ,i. ft,, l[l k’f. IIctlIc

O n s e t  o f  Oxj$cn cvoIllllo  11/1(’..411t)  lllllili ,1,, a<

dcmons(rakd  b y  tlIc sil]ltllii[i{,rl~. ICUIIIIC, basic

clrx(locbcmiml  s t u d i e s  alc [l[](icl\,ii)  tc. \mify

[tlis  llmhanisnl.
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Pip,. 1 :  A)  Sinwlatcd  a n d  R) I;xpcrimcntal
dischw g,c curves of a Ni-112 cell at Cj2 and 10”C.
[Ilrvc  C delmtcs ll~c cx]~rimcntal  cell prcsurc
dulill~  discharfic,
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Fig, 2 : A )  Simulatti and 1]) I xjKIIi  I:Iti
charge curves of a Ni-112  Crl  I a[ (://  HI,,.; I(V(

CUWC  C d e n o t e s  tllc Cxpcrir[l(ltt;ll  C(II  IJI,,.lll

durirw  c}]argc.
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3 : A) ]~XJHilllcnta]  discllarly  QI I IF(

Ni-IIz  CCJI at various rates of ]) (Yj(}, ~) ({$, :{)
(Y3 and 4) C/2 and 10DC, a~cr c}uil{:,.,  a ( ~ 10
a t  J O  ‘C (lar(  D shows the valiati:,l[ of I)
si]lwla(d discl]ar~c  capacity .2[ >(1((’ :J,d
c.xlxrimcnlal c a p a c i t y  a s  a  func[ioll  (IJ Iill(  ;il 7)

10OC  and 3) ?O”C,  rcslwc[i~,cly.
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} Ig 4 : lxJw[i[llcillal  diwt]argc  CUrVCS  of a Ni-}12
CC!{  al (~ls, aflc[ chatp,cs  a t  uJoand 100C, at
i;jriouq  dISCIIaIf;L  tcllllwlaturcs  of ] )  ~0,  2) 20,

‘{) JO, 4 ) O, S) -JO, 6) -20 and 7) -30 ‘C,
]csJw[ivcly. }“i~ 11 dcllo[cs similar curves from
[he r[mdcl and 1 if: (t shows the variation of J )
( ~JXVIIItCIIIal  aIKI ?) simula[cd discharge capacity
Ulll) (cr[lj~.iti[lll~


